Adding chemicals that alter the microbial metabolism and reduce cell growth, without affecting organic matter removal, is an alternative technology to reduce sludge production. This study was intended to determine the best initial conditions to conduct a rapid test (4 h), which evaluates the potential of chemicals to reduce microbial growth and chemical oxygen demand removal. A commercial biosurfactant was used as model product and a central composite design (face centered) was performed using substrate/inoculum ratio and rhamnolipid/inoculum ratio as independent variables, and cellular yield coefficient, substrate consumption rate, and specific oxygen uptake rate for exogenous respiration as response variables. Lower values of substrate/inoculum ratio permitted larger reductions of cellular yield coefficient with lower rhamnolipid concentrations. The best condition was 1.06 g chemical oxygen demand/g total suspended solids and 25 mg rhamnolipid/L or 25 mg rhamnolipid/g total suspended solids, which achieved a reduction of 50-75% in cellular yield coefficient.
INTRODUCTION
In Wastewater Treatment Plants (WWTPs), biological processes ensure the removal of biodegradable organic matter, at lower costs than physical-chemical processes [1] , and are considered the main treatment step [2] . Among the available biological processes, activated sludge system is one of the most commonly used due to its high efficiency and versatility [3] . However, secondary sludge, formed as a result of microbial growth, is an inevitable waste that needs to be treated and disposed of, and this sludge is the main environmental and economic issues in wastewater treatment [4] . In conventional activated sludge systems, each ton of applied organic matter [quantified as Chemical Oxygen Demand (COD)] can produce up to 800 kg of primary and secondary sludge [quantified as Total Suspended Solids (TSS)], while in extended aeration systems, total sludge production is 500 kg TSS/ton COD applied [5] . Despite the relatively small volume produced, which is around 1% of the wastewater volume treated, the cost of sludge management is significant and can reach up to 60% of the total operational costs in a WWTP [6] , with values between 350 and 750 EUR/ton of dry matter [7] .
The main objective of Directive 2008/98/EC of the European Commission is to minimize negative effects that the generation and management of wastes can cause to the environment and human health. Therefore, prevention is the first action in the waste management hierarchy. Similarly, in Brazil, law No. 12,305/2010, known as the National Policy on Solid Waste (NPSW), proposes the following as waste management hierarchy: no generation, minimization, reuse, recycle, treatment, and final disposal. Figure 1 shows available strategies for excess sludge management. When it is seen as a by-product, waste management hierarchy does not apply, because it is no longer seen as a waste. Thus, eco-innovation should be used to recover its material or energy [8] . In Europe, the most common options for material and energy recovery are agricultural use and incineration, respectively [8] . Nonetheless, some countries have considered environmental risks associated with the agriculture use of sludge. Switzerland, for example, has banned this practice since 2005 [8] . For energy recovery through incineration, the moisture content of the sludge requires a very efficient dewatering stage, and even then, in some cases, the energy balance may still be unfavourable [4, 5] .
In Brazil, every facility must present to the environmental agency a Waste Management Plan, which must contain targets and procedures for minimizing waste generation. Therefore, studies regarding sludge management must be suitable for Brazil. The sludge produced in biological treatment of industrial wastewater is significant [7] and may contain toxic and recalcitrant substances. Some municipal WWTPs also receive industrial wastewater, which can transfer undesirable contaminants to the sludge and, as a consequence, to the environment [9] . Therefore, although agriculture use of sewage sludge is allowed by law in Brazil, illegal discharges of industrial wastewater into sewage systems represent an environmental risk of this practice. In Brazil, as well as in Latin America in general, incineration for energy recovery is not a common practice, especially due to high costs of the process and the need for skilled labour [10] . In addition, the distance between sludge generation and incineration points can be a limiting factor due to transportation, because it can increase costs and release secondary emissions [11] .
Hence, the use of excess sludge as a by-product might not currently be the ideal strategy for Brazil. Sludge management consists of a set of operations with high energy consumption [12] . For sustainability in WWTP, technologies capable of preventing sludge generation may be more appropriate and they would still fall under eco-innovation (Figure 1 ), because they would promote economic value to the process, due to cost reduction and significantly reduced environment impacts [13] . The benefits obtained with this strategy are resource and area savings, as the volume of sludge treated would be lower.
Among the technologies able to reduce sludge generation in activated sludge systems is the addition of products that alter microbial metabolism in the aeration tank, reducing cellular growth without affecting removal of organic matter. The advantage is that only a product dosing tank is necessary, which makes the technology very attractive [6] . On the other hand, there is the problem of microbial adaptation to the added product, which leads to the loss of its effectiveness [14] . Therefore, the search for new products with prolonged effect is necessary, and so is the understanding of all phenomena involved in the process [7] .
The existence of a rapid test to evaluate the potential of a product to reduce microbial growth is extremely important, because it helps in the decision about which product should be used and which experimental conditions lead to better results. A very widespread test found in literature [14] [15] [16] [17] [18] [19] uses inoculum from an activated sludge Sequencing Batch Reactor (SBR), in which the feed consists of a synthetic wastewater. For the test, the product is added to a smaller reactor along with inoculum and feed, and a Control reactor is always run in parallel, in which no product is added. Initial and final concentrations of biomass and substrate are determined through mixed liquor Total or Volatile Suspended Solids (TSS or VSS) and soluble COD, respectively. Then, observed growth yield (Y) is calculated. To minimize sludge decay, reaction time should be kept low.
Despite its simplicity, this rapid test has not yet been standardized: reaction time varies from 3 [15] to 9 h [14] , carbon source varies from simple substrate, like sodium acetate [17] , to more complex ones, like starch [14] , and S0/X0 ratio varies from 0.12 [17] to 2 [18] . The choice of variables can influence the result obtained with the product added to reduce microbial growth. Increasing S0/X0, even without the addition of any product, reduces the value of Y because of metabolic uncoupling in the cells [20] . The product/biomass ratio is more important than the evaluated product concentration, and in the case of metabolic uncouplers, represents the real strength that a product is capable of exerting on microbial cells [21] . Therefore, the initial condition of the test can considerably influence the results obtained.
Hence, the main objective of this study is to determine the effects of the initial condition of the rapid test on the responses. The secondary objective is to determine the best initial condition of the rapid test to evaluate the effect of a model product used to reduce cell growth -a commercial Rhamnolipid (RL) biosurfactant. Biosurfactants are very interesting molecules due to their environmental compatibility [22] . Because they have widely verified antimicrobial activity, specially rhamnolipids [22, 23] , they can inhibit the growth of some microbial species in activated sludge, thus reducing sludge production.
Technologies that aim to reduce sludge are still widely studied [24] , even with all the paradigm shifts that see excess sludge as a by-product, and not a waste. However, pilot and full-scale studies are not as widespread as they should be [7, 24] . Part of this phenomenon is due to the lack of a thorough study of the technologies. When it comes to addition of products in the aeration tank, for example, it is essential to know everything about the mechanism of action, evaluating if combined effects of all variables could affect microbial growth. Therefore, this study can be used as the basis for defining a simple methodology to help choose the best product and condition for maximum growth reduction efficiency. Then, efforts can be directed towards more thorough studies, aiming at more information for the actual implementation of the technology.
MATERIALS AND METHODS
In this study, the commercial product R90 from Agae Technologies (Corvallis, Oregon, USA) was used. It is a lyophilized product with 90% purity. An analysis showed that the product contains 564 mg RL/g dry matter (223 mg rhamnose/g dry matter) and Critical Micellar Concentration (CMC) of 154 mg RL/L (61 mg rhamnose/L).
Cultivation of activated sludge
The activated sludge used in the experiments was collected from a municipal WWTP located in Rio de Janeiro, Brazil, and was kept refrigerated (4 °C) until use. The sludge was cultivated in a Sequencing Batch Reactor (SBR) to serve as inoculum in the rapid test. The 5 L working volume reactor was kept at room temperature (19-28 °C) and had initial concentration of 2,000 mg TSS/L. Compressed air was introduced into the system through a 10 cm (length) × 2 cm (base) × 2 cm (height) trapezoidal diffuser located in the bottom centre of the reactor to ensure the homogeneity of the system and appropriate Dissolved Oxygen (DO) levels (at least 4 mg/L). The medium (2.6 L) was changed twice a day, once in the morning and then 8 h later. The feed consisted of commercial medium TSB (COD 1,000 mg/L) and sodium bicarbonate (NaHCO3) (0.9 g/L) to maintain pH around 7 in the reactor. To avoid significant changes in the microbial consortium, the operation was set to a 30-d maximum, and no experiments were conducted during the first week to allow adaptation of the microorganisms to the medium and working conditions. The mixed liquor was removed from the reactor to be used as inoculum in the rapid test before any medium change was done on the day (approximately 15 h after the previous change), and this led to a sludge age of 10 d.
Rapid test
The rapid test was performed in batch mode, using 1 L reactor with 0.6 L working volume, consisting of 100 mL phosphate buffer 0.1 M pH 7, appropriate volume of inoculum for the desired initial TSS, appropriate volume of feed (TSB medium) for the desired initial COD, and distilled water to complete the volume. Appropriate volume of RL solution was added in Test reactors (0.4-1.8 mL). For each Test condition, there was a similar Control reactor that did not receive any RL. All reactors operated with magnetic stirring and compressed air introduced through a porous cylindrical diffuser with 3.5 cm (height) × 1 cm (diameter) located at the bottom of each reactor. Air flow was manually controlled so that the foam was kept inside the Test reactors, which led to DO of at least 0.5 mg/L. In the Control reactors, similar air flows were used to maintain the same DO levels in all reactors. Every hour up to 4 h, 25 mL samples were taken to analyse TSS and soluble COD to determine Y and k (substrate consumption rate). Then, after 30 h, Specific Oxygen Uptake Rate (SOUR) was determined. In this study, all test results are reported considering Control value of 1, unless noted otherwise, which is why the variables are presented without units. Thus, values greater than 1 indicate an increase in the response due to RL addition, and values lower than 1 indicate a reduction.
Design of experiments. A Face-Centred Cube Design (FCCD, Table 1 ) was used to investigate the effect of the independent variables S0/X0 and RL/X0 on the response variables analysed (Y, k, SOUR), fixing initial biomass concentration at 1,000 mg TSS/L. Validation. In this step, twelve conditions were tested to validate the models previously obtained. Two initial biomass concentrations were also used: 1,000 and 2,000 mg TSS/L.
Analytical methods
Rhamnose was quantified by HPLC after acid hydrolysis and CMC was determined by the pendant drop technique [23] . Rhamnose values were converted to rhamnolipid content according to Santa Anna [25] . Soluble COD and TSS of the mixed liquor were determined according to standard methodologies [26] . Cell yield was calculated from the increase of TSS divided by the decrease in soluble COD in the 4 h period. The k value was determined by exponential adjustment of the experimental data in the substrate degradation curve (COD) over the 4 h. Then, 30 h from the beginning of the rapid test, the mixed liquor was transferred to a 300 mL BOD bottle equipped with a DO probe and magnetic stirrer, along with 10 mL of sodium acetate 0.3 M. Temperature was kept at 20-22 °C. The change in the DO level was monitored every 30 s for at least 15 min or until 1 mg/L, whichever occurred first [26] . SOUR was determined from DO depletion rate and TSS of the mixed liquor. SOUR was also used to determine TSB and RL consumption rates, using mixed liquor from the SBR reactor (before the first medium change of the day), TSB medium and RL solution, at different initial conditions. All data were analysed in the software Protimiza (http://experimental-design.protimiza.com.br) considering confidence level of 90%.
RESULTS AND DISCUSSION
Results obtained in each condition of the FCCD are presented in Table 2 . Microbial growth (evaluated through the Y value) varied widely, regardless of the RL concentration, in some cases, it reduced up to 100% (Y = 0, exp. 3-5), but in other cases, it increased up to 31% (Y = 1.31, exp. 6). For example, the lowest RL concentration (15 mg RL/g TSS) reduced Y by 77% (exp. 1) when S0/X0 had the lowest value (0.12 g COD/g TSS), and increased Y by 24% (exp. 2) when S0/X0 had the highest value (2.00 g COD/g TSS).
Analysis of Variance (ANOVA) showed that the pure error in the models presented extremely low values (around 2%), indicating no repeatability problems [27] . For all the responses evaluated, the model adjustment explained 75-78% of the results obtained. The differences between predicted and experimental values could be explained by the error propagation in the analyses, especially for Y. In an attempt to overcome lack of fit and regression simultaneously, non-significant variables were removed from the model, Potential Table 3 . The main objective of this study is to evaluate response behaviour under different initial situations. Although the models did not present a perfect fit, the qualitative analysis of the results can still be considered reliable and a reasonable quantitative result was obtained. The response surface for Y (Figure 2a) clearly shows that the effect in microbial growth depends on the initial condition of the test: the higher the value of S0/X0, the greater the amount of RL needed to achieve a certain percentage of growth reduction. This is due to energetic uncoupling when S0/X0 has a high value, leading to a lower value of Y, even when no product is added [20] . This effect was also observed in this study: Y in Control experiments was 1.27 ±0.64, 0.75 ±0.09, and 0.58 ±0.10 g TSS/g COD for S0/X0 0.12, 1.06, and 2.00 g COD/g TSS, respectively. As the reference values used to assess growth decreased considerably with increased S0/X0, the product added to maintain the same percentage of growth reduction required increased concentration to further reduce Y value of the Test. The result obtained is extremely important, because biosurfactants are expensive due to high production costs [28] , which can make their use impossible in less noble applications, such as WWTPs. In a situation of substrate deficiency, low concentrations of RL would be sufficient to significantly reduce growth and reduce the cost of applying the product. In plants that use SBR, all that is required is to maintain low S0/X0. In complete mix systems, considering that the influent is instantly and completely mixed with the reactor content, and that generally all biodegradable organic matter is completely consumed in the biological reactor [29] , no excess substrate is expected in the reactor and a low S0/X0 is maintained.
A 52% reduction in sludge disposal was observed in activated sludge SBR with the addition of 19 mg RL/g VSS, using non-purified RL produced through fermentation with Pseudomonas aeruginosa (PA1), using glycerol PA as only carbon source [30] . However, the mechanism of action has still not been demonstrated. One possibility is the natural antimicrobial effect due to biosurfactant interaction with the lipid fraction of cellular membranes, which could affect its integrity [31, 32] , inhibiting the growth of some species in the activated sludge consortium. Nonetheless, this does not explain the different results obtained in this study, because the initial microbial population was essentially the same in all conditions evaluated.
Another possibility is that, in the concentrations evaluated, RL only acted as an additional substrate to the medium, and probably had a lower consumption rate than the constituents of TSB medium. Therefore, when the substrate was deficient in the reactor (low S0/X0), cells used RL to obtain the energy necessary for metabolism over the test period. If the consumption rate was lower, cells could not obtain immediate energy, which was why no significant growth occurred during the 4 h period. Surface response for k (Figure 2b) showed that when S0/X0 was low, k could be up to 30% lower than Control experiments.
Assuming that substrate consumption was proportional to oxygen consumption [33] , SOUR was determined under different conditions to verify whether TSB medium and RL were consumed at different rates. When biomass concentration was 100 mg TSS/L, SOUR values for TSB (COD 100 mg/L) and RL (COD 100 mg/L ≡ 27 mg RL/L) were 0.73 and 0.26 mg O2/g TSS min., respectively, meaning that RL was consumed at a rate 64% lower than TSB. When biomass concentration was 1,000 mg TSS/L, the same as in FCCD, SOUR values for TSB medium (COD 1,000 mg/L) with and without RL (25 mg RL/L) were 0.80 and 0.93 mg O2/g TSS min., respectively. This means that RL reduced substrate consumption by 14%. This value is consistent with the reductions in k obtained in the FCCD and, therefore, it can be stated that the consumption rate of RL was lower than the consumption rate of TSB medium.
The conditions that lead to 100% growth reduction observed with lower values of S0/X0 (0.12 g COD/g TSS, exp. 3 and 5) is not of interest, because it would result in total loss of biomass in the activated sludge reactor, since there would be no cellular renovation. As can be seen in Figure 2 (a and b) , when S0/X0 increased up to the central point, growth reduction was still significant (25-75%) and values of k in Test were not far from Control experiments (between 15% lower and 10% higher than Control). COD removal (Table 2 ) was 24% lower to 22% higher than Control conditions. However, considering the region around the central point, COD removal in Test conditions were, on average, 10% lower than Control. Considering the error in the COD analysis, reduction in k and COD removal was too small to represent a problem. Therefore, ideally S0/X0 cannot be so low, and should be restricted to a maximum value of 1.06 g COD/g TSS (central point of FCCD).
Oxygen consumption rate can also help analysis about the mechanism of action of RL. SOUR data after a 30 h reaction time indicated that only the quadratic term of S0/X0 was significant in the model (Table 3) . In most cases, RL was consumed by 30 h of reaction, because no more intense foaming was observed. Thus, the product no longer had major influence in the process. Depending on the region, SOUR was 20% lower and up to 80% higher than Control (Figure 2c ). In general, SOUR was higher than Control when significant growth reduction was observed. When there is energetic uncoupling in cellular metabolism, oxygen consumption rate increases without any association with growth [15, 34] . In addition, fatty acids (especially long-chain fatty acids) can act as metabolic uncouplers when cells are submitted to certain physiological conditions, and part of this is due to the interaction with cellular membranes [35] . Therefore, based on SOUR results and the fact that RL also interacts with cellular membranes [31, 32] , it can be hypothesized that RL also acts as metabolic uncoupler, thus reducing sludge production in activated sludge. However, more tests need to be performed to prove this hypothesis. 
Increased oxygen consumption can be considered a disadvantage to the process, because it represents additional cost of aeration. More studies need to be performed to evaluate if the increased aeration compensates for sludge reduction, keeping in mind all pillars involved: economic, environmental, social, and political [36] , not just economic.
The observations found in this study can be extended to products other than biosurfactants. A survey of results found in literature with application of 2,4-dinitrophenol (DNP) in activated sludge systems [16, 34, [37] [38] [39] shows that, even though it is a chemically stable product with a well-known and widespread application, results obtained are extremely variable, with growth varying from −56 to 50% [16, 39] in relation to Control. This variation occurs not only due to differences in concentration or in product/biomass ratio. In some cases, a combined effect between DNP/X0 and S0/X0 can be assumed. In one study [38] , for the same DNP concentration added in an activated sludge SBR at different operation times, DNP/X0 showed 57% correlation with sludge reduction, while differences in S0/X0 showed a 97% correlation.
In the validation step, results in Test experiments are shown in Table 4 . As stated earlier, 100% growth reduction is not of interest in WWTPs. Moreover, when S0/X0 is very low, the error in the analyses increases significantly. Therefore, in order to validate the model, experiments were carried out with the same RL concentrations previously evaluated (15, 25 Control experiments showed good repeatability, with k and SOUR values statistically equal to those obtained in the previous step (t-test, 90% confidence level), considering S0/X0 1.06 g COD/g TSS (central point of the FCCD). Only Y values had significant differences: 0.75 ±0.09 (FCCD), 0.52 ±0.04 (validation, 1,000 mg TSS/L), and 0.61 ±0.14 g TSS/g COD (validation, 2,000 mg TSS/L). This occurred due to higher error propagation in Y analysis, however, the differences are acceptable and do not compromise the analysis.
The differences between values predicted by the model and obtained experimentally for all responses evaluated in experiments were high, as can be observed in Figure 3 , but most of these differences could be justified by the fact that the models only explain 75-78% of the results. Considering X0 1,000 mg TSS/L and S0/X0 1.06 g COD/g TSS, errors varied from 11 to 31%. The error increases significantly (reaching 93%) when comparing the results obtained in experiments with X0 2,000 mg TSS/L, probably because in this case RL concentration exceeds the range evaluated in the FCCD. This indicates that the effect of RL is not only dependent on RL/X0 ratio, but also on RL concentration. Therefore, to validate the model, only experiments with 1,000 mg TSS/L should be considered. With the differences observed, the models can be considered validated. In Figure 4a , a high correlation (R 2 = 0.9683) is observed between RL/X0 and growth reduction. The higher the RL/X0 and, in this case, RL concentration, the higher the growth reduction. However, when X0 increases from 1,000 to 2,000 mg/L, to keep the same RL/X0 ratio, RL concentration doubles. Figure 4b shows the effect of RL concentration on microbial growth considering all conditions evaluated. RL reduced growth up to a concentration between 35 and 50 mg RL/L. From 50 mg RL/L, the effect on growth reduction was attenuated and Y increased, probably due to RL consumption as substrate. One hypothesis that can justify the effect of RL on sludge reduction in activated sludge systems is its action on cellular membranes. Even in concentrations lower than CMC, surfactants are able to interact with membranes, so monomers, and not micelles, are responsible for this effect [40] . However, interactions between surfactant molecules do not occur only at CMC, in concentrations below CMC, vesicles and micelles are already observed, and above CMC, only micelles are present [41] . Small aggregates, like vesicles, have been observed in RL [42, 43] . In the conditions of this study, addition of 50 mg RL/L should already be able to form aggregates, reducing the number of monomers and, therefore, the antimicrobial effect.
CONCLUSION
The design of experiments conducted with the variables S0/X0 and RL/X0 found that the effect of microbial growth reduction by a certain product depends on the initial (a) (b)
